This study aims to investigate the effect of viscosity of the base fluid on the thermal conductivity of nanofluids in which Fe 3 O 4 nanoparticles are suspended in the base fluid composed of diesel oil and polydimethylsiloxane. Viscosity of the base fluid is varied by changing the volumetric fractions between both fluids. The measured thermal conductivity of nanofluids gradually approaches the value predicted by the Maxwell equation by increasing the viscosity. It demonstrates that the viscosity of nanofluids does affect the thermal conductivity of nanofluids, and the Brownian motion of suspended particles could be an important factor that enhances the thermal conductivity of nanofluids. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3046732͔
In the past decade, the thermal properties of colloidal suspensions of nanofluids have been continually studied. Various kinds of suspension particles ͑Al 2 O 3 , CuO, Cu, TiO 2 , etc.͒ and base fluids ͑water, ethylene glycol, oil, etc.͒ are applied to fabricate different kinds of nanofluids. Experimental data have shown that nanofluids have higher thermal conductivity than that predicted by the conventional models like the Maxwell model and the Hamilton-Crosser model. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The conventional models did not consider the effect of the motion of nanoparticles and the interaction between nanoparticles and molecules of carrier liquid. This may cause the underestimation to the thermal conductivity of nanofluids. New models included the effect of the random motion of nanoparticles called Brownian motion, and the interaction between nanoparticles and molecules of the base fluid is hotly investigated in the recent years. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Some papers have indicated that the enhancement of thermal conductivity, which directly results from collisions between nanoparticles, is not obvious, and the dominant factor of the enhancement in thermal conductivity is the convectionlike behavior, which indirectly results from Brownian motion. 12, 14, 16, 22 The convectionlike model presented by Jang and Choi 22 and Prasher et al. 20 are shown by
Pr, ͑1͒
They divide the effective thermal conductivity, k eff , into the static part, k static , which stands for the thermal conductivity due to differences in the composition of nanofluids, and the dynamic part, k dynamic , which stands for the thermal conductivity due to the effect associated with Brownian motion,
However, both parts do not provide a consistent and convincing prediction model for all nanofluids. This study tries to clarify the model of static part on the enhancement of thermal conductivity with nanoparticles in a base fluid at different viscosities. According to the EinsteinStokes equation, the Brownian diffusion coefficient, D B , is the function of temperature, diameter of nanoparticle, and viscosity of fluid,
where k B is the Boltzmann constant, T is the temperature, is the viscosity of nanofluids, and d p is the diameter of nanoparticles. By increasing the viscosity of nanofluids, the Brownian diffusion coefficient will decrease, and the effect of the Brownian motion or convectionlike behavior will be weakened. Then the thermal conductivity of the dynamic part should decrease, and the thermal conductivity of the static part will be measured solely in the experiment. In order to control the viscosity of the base fluid, diesel oil and polydimethylsiloxane ͑PDMS͒, which have similar thermal properties and can mix uniformly, are adopted. The viscosity of diesel oil and PDMS are 4.188 and 5500 cP, respectively. ͑LVDV-E, Brookfield͒. As the volume fraction of PDMS increases, the viscosity of the mixed base fluid grows exponentially. The thermal conductivities of diesel oil and PDMS are 0.14 and 0.15 W / m K, respectively. So the thermal conductivity of the base fluid is a stable value, which has no influence on the thermal conductivity of nanofluids.
In this study, And oleic acid is used as a surfactant, which forms a layer around the nanoparticles. It becomes a stable colloidal suspension in the base fluid. The thermal conductivity of such nanofluids is measured at 25°C by a thermal property meter ͑model KD2, Decagon Devices, Inc.͒, which is based on the thermal hot wire method. All measurements are preformed over ten times and averaged. Figure 2 shows measured thermal conductivity ratios, k nano / k bf and k Maxwell / k bf , of viscous nanofluids versus volume fraction of Fe 3 O 4 nanoparticles at different viscosities. The parameters, k nano and k bf , denote the thermal conductivity of nanofluids and the base fluid, respectively. The predicted thermal conductivity of nanofluids, k Maxwell , is determined by the Maxwell equation expressed by
where k p is the thermal conductivity of nanoparticles, k bf is the thermal conductivity of the base fluid, and is the volume fraction of nanoparticles. In Fig. 2͑a͒ , 100% diesel oil is used as the low viscous base fluid ͑4.188 cP͒. The data show that the thermal conductivity ratio ͑k nano / k bf ͒ of nanofluids is higher than that predicted by the Maxwell equation. The highest enhancement of thermal conductivity is 18.85% at 4.48% volume fraction of Fe 3 O 4 nanoparticles. And k nano / k Maxwell are 1.007, 1.021, 1.040, and 1.050 at 1.12%, 2.24%, 3.36%, and 4.48% volume fractions of Fe 3 O 4 nanoparticles, respectively. The experimental results imply that in the low viscous base fluid, the Brownian motion and the convectionlike behavior are much active and cause the observable enhancement of thermal conductivity.
In Fig. 2͑b͒ , the compound of 75% diesel oil and 25% PDMS is used as the middle viscous base fluid ͑31.8 cP͒, and the thermal conductivity ratio ͑k nano / k bf ͒ of nanofluids is still a little higher than that predicted by the Maxwell equation. In such moderate viscous base fluid, values of k nano / k Maxwell are 1.006 and 1.01 at 1.12% and 2.24% volume fractions of Fe 3 O 4 nanoparticles, respectively. At this status, the Brownian motion and convectionlike behavior are influenced by the viscous base fluid. This causes the fewer enhancements in thermal conductivity than that of low viscous nanofluids.
In Fig. 2͑c͒ , the high viscous base fluid ͑140.4 cP͒, which consists of 50% diesel oil and 50% PDMS, is used, and the thermal conductivity ratio ͑k nano / k bf ͒ of nanofluids becomes the same as that predicted by the Maxwell equation. Measured values of k nano / k Maxwell in the high viscous fluid are 1 at 1.12% and 2.24% volume fractions of Fe 3 O 4 nanoparticles. At this situation, high viscosity of nanofluids makes the Brownian motion and the convectionlike behavior disappear. The measured thermal conductivity of nanofluids only presents the static part, which the Maxwell equation predicts.
In Fig. 2͑d͒ , the highly viscous base fluid ͑648 cP͒ that consists of 25% diesel oil and 75% PDMS is used. The data are almost identical to those in Fig. 2͑c͒ . Figure 3 shows the effect of the viscosity of the base fluid on the thermal conductivity of nanofluids with 1% and 2% volume fractions of nanoparticles. The thermal conductivity of nanofluids decreases with increasing viscosity and approaches a constant value. It is observed that the viscosity around 100 cP is a critical value of demarcation. Below 100 cP of viscosity, the Brownian motion is active, so the thermal conductivity of nanofluids increases. Over 100 cP of viscosity, the Brownian motion becomes inactive and the thermal conductivity of nanofluids obeys the Maxwell theory.
Because the base fluid used in this study is composed of two different fluids, diesel oil and PDMS, the difference in the interfacial thermal resistance 24, 25 should be considered. However, the surface of the Fe 3 O 4 nanoparticle is modified by the surfactant, which makes strong bonding strength between nanoparticles and base fluids. And the contact angles between components of viscous base fluids and bulk Fe 3 O 4 are less than 5°, which indicates a wetting system. 24 For the reason above, the interfacial thermal resistance will be small and will play a minor role in this study.
In conclusion, high viscosity of base fluid reduces Brownian motion of suspended nanoparticles. In such a 
